Introduction SV40 T antigen (Bedrosian and Bastia, 1991; Amin and Hurwitz, 1992; Hidaka et al., 1992) , and PriA helicase In most prokaryotic systems, replication termination oc- (Kaul et al., 1994; Sahoo et al., 1995a Sahoo et al., , 1995b , but not the curs at a sequence-specific terminus to which replication activities of those involved in repair and conjugational terminator protein(s) bind and cause the polar arrest of transfer of DNA (Khatri et al., 1989 ; Hiasa and Marians, replication forks by the impedance of the replicative heli-1992; Kaul et al., 1994; Sahoo et al., 1995b) . We therefore case. This novel function of the terminator proteins has favor the second model and propose that a specific been called the contrahelicase activity (Khatri et al., 1989;  region of the RTP molecule interacts with the helicase. Lee et al., 1989; Hiasa and Marians, 1992; Kaul et al., 1994;  To investigate the mechanism of replication fork arrest, Bastia and Mohanty, 1996) . The termination process is we have determined the crystal structure of the RTP apocompleted by the decatenation of the two intertwined protein at 2.0 Å resolution ; unpubdaughter molecules by topoisomerase IV (Kato et al., 1990;  lished data). To understand the relationship between the Adams et al., 1992; Hiasa and Marians, 1994) and the structure of RTP and its various biochemical activities, resolution of any oligomers formed in the general recombiwe have performed saturation mutagenesis and crystal nation pathway by a site-specific resolution system structure-guided selective site-directed mutagenesis (Pai (Blakely et al., 1991; Kuempel et al., 1991) . Sequenceet al., 1996a) . Biochemical, functional, and crystallographic specific arrest of replication forks has also been reported analyses of these mutants have resulted in the identificain several eukaryotic systems (Brewer and Fangman, 1988;  tion of the regions of RTP that mediate dimerization, DNA Linskens and Huberman, 1988; Hernandez et al., 1988;  binding, and dimer-dimer interaction, and these analyses Gahn and Schildkraut, 1989; Brewer et al., 1992; Little et al., have further established the indispensability of these do-1993), but the mechanism of fork arrest in these systems mains for the biochemical function of the protein (Pai et remains unknown. al., 1996a; Manna et al., 1996) . In Bacillus subtilis, replication forks initiate at a single If, as we suggest, RTP interacts specifically with the replication origin Sueoka, 1963a, 1963b) , replicative helicase, it should be possible to identify mumove divergently around the circular DNA, and meet at tants within a local region of the protein that reduce or specific termini that are clustered approximately 180Њ abolish its ability to impede replicative helicases. It should from the origin (Franks et al., 1995) . Six termini have also be possible to show that this region of RTP physically been identified, and the polarities of these are arranged interacts with one or more specific site(s) of the replicative in such a way that a replication fork can enter the region helicase, and that the mutants abolish or reduce this profrom either direction but cannot leave. The arrest of a tein-protein interaction. In this paper, we present such evidence and show further that this contrahelicase surface of RTP physically interacts with the hinge region of the The highlighted residues are those that have been altered by mutagenesis and the mutant forms of the protein biochemically characterized.
The boxed residues comprise a region of the molecule that is highly homologous to a region of the DnaB initiator protein of B. subtilis. We were guided by two considerations in our search for shifts caused by increasing amounts of the indicated mutant form of putative contrahelicase mutants. First, the crystal structhe protein. In each case, the first shift is due to the filling of the core ture of the RTP apoprotein and affinity cleavage analysis by a single dimer of RTP, and thesecond shift is due to the filling of both the core and the auxiliary sites by two dimers involved in cooperative had suggested that an exposed hydrophobic patch lodimer-dimer interaction. The double shift is a diagnostic feature of cated between residues 29 and 35 might be a site that dimer-dimer interaction, and it is clear that this is retained in each of interacts with the helicase the mutants. In (a) and (c), lanes 1-6 correspond to 0 ng, 15 ng, 30 1996b). Second, the exposed hydrophobic patch and the ng, 60 ng, 100 ng, and 300 ng of wild-type RTP, and lanes 7-15 surrounding residues had homology with the DnaB initiator correspond to 0 ng, 15 ng, 30 ng, 60 ng, 100 ng, 200 ng, 300 ng, 400 protein of B. subtilis (Kralicek et al., 1991; see Figure 1 ).
ng, and 500 ng of the mutant. In (b), lanes 1-5 correspond to 0 ng, 15 ng, 60 ng, 100 ng, and 300 ng of wild-type RTP, and lanes 6-15
Since initiator proteins are known to interact with replicacorrespond to 0 ng, 15 ng, 30 ng, 60 ng, 100 ng, 200 ng, 300 ng, 400 tive helicases (Marszalek and Kaguni, 1994; Ratnakar et ng, 500 ng, and 600 ng of the mutant.
al., 1996), we reasoned that the region of homology with RTP might suggest a conserved surface for interaction ( Figure 2 ). Binding of wild-type RTP to the terminus DNA with helicases.
yields two band shifts, the first shift being caused by the A number of mutants were generated from this region filling of the core site and the second due to the filling of of RTP, and the mutant proteins were overexpressed and thecore and theauxiliary sites by cooperativedimer-dimer subjected to systematic biochemical and functional analyinteraction. Visual inspection of the autoradiogram and ses. The following mutations were initially made and anathe quantitation of the radioactivity present in each band lyzed: L19F, Y22C, E28A, Q29A, E30G, R31G, L32V, Y33A, showed that the relative DNA binding affinities of the mu-L35F, L37V, L38P, R42G, E44V, F45L, E47G, and G49E. tant forms of RTP were undiminished relative to that of the Of these, only E30G and Y33A had the expected properties wild-type protein. The appearance of two shifted bands in described above of authentic contrahelicase mutants. To each of the protein samples examined also revealed that confirm these observations, the two additional single muthemutant forms of the protein were not impaired in dimertants E30K and Y33N as well as the double mutant E30K-dimer interaction, since all of the protein samples caused Y33N were also produced and the proteins isolated and the characteristic double gel mobility shifts (Figure 2 ). Usanalyzed. In the experiments described below, we focus ing just the isolated core site DNA, we also performed on the biochemical properties of these five mutant forms gel mobility shift assays and from the data (not Kaul et al., 1994; Sahoo et al., 1995a Sahoo et al., , 1995b Manna et al., 1996) . We performed assays for contrahelicase activity by using partial duplex substrates that contained the terminus of B. subtilis within the double-stranded region, in two different orientations (called BS3 and BS3rev) . This system has been fully described (Kaul et al., 1994; Sahoo et al., 1995a Sahoo et al., , 1995b . The oligonucleotides used to construct the partially duplex substrates BS3 and BS3rev are shown diagramatically at the top of Figure 3 . Since E. coli DnaB translocates on DNA in the 5Ј→3Ј direction (LeBowitz and McMacken, 1986) , whereas PriA translocates in the reverse direction (Lee and Marians, 1987) , DnaB was expected to be arrested on the BS3 substrate but not on BS3rev, whereas the converse was expected for PriA ( Figure 3) .
The contrahelicase activities of the five important mutant forms of RTP with DnaB as the test helicase are shown in Figure 3A , together with the activity of the wild-type protein. Y33N had almost no activity over a wide range of RTP-to-substrate ratios, whereas the E30K and E30G mutants had suffered a partial but clear loss of the activity. The double mutant E30K-Y33N seemed to be as defective as the Y33N single mutant when a molar ratio of up to a 50-fold excess of RTP over the substrate was used. As expected, in control experiments using the BS3rev substrate, there was little or no detectable arrest of DnaB activity with all forms of the protein ( Figure 3B ). The results with the PriA helicase were completely as expected, with the wild-type RTP active on the BS3rev substrate but not on the BS3 substrate ( Figure 3C and 3D ). Y33A and Y33N were almost completely inactive, and E30K, E30G, and E30K-Y33N ates are expected from the pUC18BS3rev template, which has the terminus in the nonblocking orientation.
Replication of pUC19BS3 in the presence of wild-type E30G mutant are also shown ( Figure 4A , lanes K-N), and there is little or no fork arrest. It should be noted that RTP generated the expected intermediate, which gives a prominent, ‫514ف‬ nt-long band in a denaturing, 4% the terminus transiently arrests replication forks in vitro and in vivo, and in a unidirectional replicon, the forks polyacrylamide gel (PAGE; see Figure 4A , bottom, lanes D-G). The results of the parallel experiment using the are released to finish replication at or near the origin ( Kaul et al., 1994; Young and Wake, 1994) . This fact and the relative binding affinity of the protein for the terminus determines the percentage of molecules arrested at the termini ‫.)%02-%01ف(‬ Thus, it is not surprising that a significant amount of finished molecules is seen at the top of the autoradiograms in Figure 4A . As expected, the pUC18BS3rev template did not generate the termination intermediate in the presence of either the wild-type or the E30G protein ( Figure 4B) . A pair of bands are seen in all lanes of Figure 4B , near the position of the authentic termination bands, albeit at a lower level in lane 1. These bands are probably generated as a result of natural pause site(s) on the DNA, and their intensity does not increase with increased additions of RTP. Figure 4C summarizes the results of the replication of pUC19BS3 in the presence of all five mutant forms of RTP, and clearly, none were able to arrest replication forks at the terminus. Thus, regardless of whether the loss of contrahelicase activity was partial or almost complete, the ability to impede replication forks in vitro was almost totally lost in the mutant forms of RTP.
DnaB Helicase of E. coli Physically Interacts with RTP, and the Interaction Is Reduced by the Contrahelicase Mutants
We wished to investigate whether RTP physically interacts with E. coli DnaB helicase and, if so, to determine whether the contrahelicase mutants impair this interaction. The DNA encoding wild-type RTP, and the E30G and Y33N mutants, were fused in-frame with a DNA fragment encoding glutathione S-transferase (GST). The fusion proteins were expressed and purified on a glutathione-agarose matrix, and the proteins ‫%09ف(‬ pure) were immobilized on glutathione-agarose beads. To ensure that the affinity beads contained approximately equal amounts of the three RTP proteins, appropriate amounts of the beads containing the immobilized proteins were boiled in SDS, and the released proteins were quantitated by SDS-PAGE ( Figure 5A ). Full-length E. coli DnaB helicase was prepared by in vitro coupled transcription-translation and labeled in shown in Figure 5B , and their quantitation by a phosprotein samples were recovered from equal amounts of the affinity matrices.
phorimager is shown in Figure 5C . The first important more DnaB than either the GST-E30K or the GST-Y33N concentration below 0.25 mg/ml throughout the usual purification protocol . Crystals isomormatrix, with the Y33N mutant showing the lowest level of retention. Thus, the putative contrahelicase mutants phous to those of the wild-type protein were grown in the usual conditions , with cell dimenappeared to be defective in binding DnaB.
Similar experiments using full-length PriA were persions a ϭ 76.8 Å , b ϭ 52.7 Å , c ϭ 70.3 Å , ␤ ϭ 90Њ (space group C2). Diffraction data were collected to 2.35 Å , and formed, and the protein bands were localized in the gel by autoradiography. The gel slices were excised, and these were used to refine an atomic model incorporating the E30G mutation to an R-factor of 20.8%. When the the radioactivity measured. The binding data are shown in Figure 5D . The data show that PriA readily interacted ␣-carbon backbone of E30G was compared with that of the wild-type protein, there were no significant differences with wtRTP and the interaction with the mutants E30K and Y33N was measurably reduced. The Y33N matrix ( Figure 7A ), and the rms deviation between the two is 0.326 Å . The slight deviations between the two structures showed the least amount of binding to PriA. The results suggest that both DnaB and the PriA helicases interact are most probably artifacts of the refinement process. It should be noted that this analysis was based on the 2 Å with the same contrahelicase surface of RTP.
resolution structure of wild-type RTP that was recently completed (D. E. B. et al., unpublished data).
The Hinge Region of DnaB Interacts with RTP
In an attempt to localize the region of E. coli DnaB that Structural Features of the Contrahelicase Surface interacts with RTP, we constructed T7 expression plas-
The features of the contrahelicase surface are shown in mids that contained segments of DNA encoding the Figures 7B, 7C , and 7D. In Figure 7B , the diagram is following regions of the DnaB molecule: amino acid resicolor coded to show the regions of the molecule that dues 1-127, 1-153 (BglII), 16-127, 1-208 (AgeI), 209-471, mediate DNA binding (red) and the dimer-dimer interacand 1-471 (full length). These polypeptides were labeled tion surface (blue), as well as the contrahelicase surface by coupled transcription-translation in vitro in rabbit described in this paper (yellow). Note that E30 and Y33 reticulocyte extracts in the presence of [ project from the surface of the protein ( Figure 7C ), and The labeled polypeptides were loaded onto control GST that their orientations are perfect for interacting with a and GST-wtRTP affinity matrices, washed, eluted, and helicase that would approach from the right. The infinally analyzed by SDS-PAGE and autoradiography wardly projecting Tyr-88 residue on the ␤3 strand (blue), (Figures 6a-6d ). The representative autoradiograms are which is involved in dimer-dimer interaction (Manna et shown in Figures 6a-6d , and the binding data are sumal., 1996) , is shown ( Figure 7C ). Figure 7D shows the marized in Figure 6e . The polypeptides 16-127, 1-127 electrostatic potential of the contrahelicase region su-(data not shown), and 209-471 did not bind to the GSTperimposed on the van der Waals surface as viewed wtRTP beads, whereas full-length DnaB, and the polyfrom the approaching helicase. The indicated hydrophopeptides 1-153 and 1-208, readily bound to the affinity bic patch that is immediately adjacent to the contrahelimatrix. Thus, the region of DnaB that appears to interact case surface is the region that we originally predicted with RTP is localized in the region between amino acid to be the site of interaction with the helicase (Bussiere residues 127 and 153. The amino acid sequence of this et al., 1995) . Although this does not now appear to be region is shown in Figure 6f , and the putative hexameric the principal site, it may be a general docking surface for structure of E. coli DnaB is shown in Figure 6g (drawn DnaB, leaving E30 and Y33 to make the highly specific after Martin et al., 1995) . Residues 127 and 153 correinteractions with the hinge region of the helicase. spond almost precisely to a hinge region that is thought to connect two globular domains of the DnaB protein.
Discussion
The results presented in this paper are significant beThe Contrahelicase Mutation E30G Did Not Cause Global Misfolding of the Protein cause they provide evidence that there is a specific protein-protein interaction between the DnaB helicase The biochemical characterizations described above are consistent with there being a contrahelicase region on of E. coli and the RTP contrahelicase of B. subtilis during termination of replication at the terminus of B. subtilis. RTP located between residues 30 and 33. However, it was important to establish that the relevant mutations
The results also show that the protein-protein interaction is a critical causative event of replication fork arrest. do not simply cause a global misfolding of the protein, although this was considered to be unlikely, because These findings strongly argue against a relatively simple model of fork arrest in which the RTP-DNA complex residues 30 and 33 are both exposed on the surface. The most definitive way to examine this possibility is to presents a nonspecific barrier to the progression of the replication apparatus. Our results suggest that a specific determine the crystal structures of the mutant forms and to compare them with the known structure of the interaction between RTP and DnaB also inhibits the unwinding action of the helicase. Taken together, our exwild-type RTP. We selected E30G for crystallographic analysis, because the substitution of a glycine has the tensive structure-function studies of RTP and those of others now suggest the following model. potential for introducing disruptive flexibilty.
The E30G protein proved to be markedly less soluble A dimer of RTP first binds to the core site of the terminus, and this promotes the binding of a second RTP than the wild-type protein, possibly owing to the loss of a negative charge adjacent to the exposed hydrophobic dimer to the auxiliary site by cooperative protein-protein interaction (Lewis et al., 1990 ; Carrigan et al., 1991; patch. This problem was overcome by keeping the protein (Nakayama et al., 1984a) . Note that the interaction domain is located in the hinge region that spans residues 127-153. The interaction of the N-terminal polypeptide 1-127 with GST-wtRTP was negative (data not shown). (f) Sequence of the hinge region of E. coli DnaB. (g) Structure of the hexameric E. coli DnaB as inferred from the work of Martin et al. (1995) . Manna et al., 1996) . The absolute requirement for two geometry of the RTP-DNA complex and the specific RTP-helicase interaction are important elements in the interacting dimers has been demonstrated by a series of point mutants that prevent dimer-dimer interaction mechanism. These two elements can also explain the novel polar and completely abolish the contrahelicase and forkarresting activities of RTP (Manna et al., 1996) . Also, a or asymmetric feature of the terminus. RTP is bound far more weakly at the auxiliary site than at the core site, single dimer of RTP readily binds to a core site but is ineffective in arresting replication forks in vivo (Lewis et and the RTP-DNA contacts within the complex have been shown to be different at the two sites (Langley et al., 1990 ) and in vitro (Sahoo et al., 1995a) . We imagine that the two interacting dimers of RTP bound to the al., 1993; Pai et al., 1996b) . This asymmetry in the complex would have two consequences. First, the RTP-DNA overlapping DNA sites stabilize the double-stranded structure and delay the progression of the helicase. The complex would be more susceptible to unwinding on the side of the auxiliary site. Second, the altered conforfinal step in the mechanism occurs when the RTP and the helicase specifically interact, at which point the unmation of the RTP-DNA complex at the auxiliary site may prevent the correct inhibitory interaction with the winding activity of the helicase is inhibited and the fork is halted. This overall model proposes that both the helicase. Note that the two inner helicase sites in the (D) The van der Waals surface and electrostatic potential of the contrahelicase region as viewed from the approaching replication fork. The extreme ranges of red (negative) and blue (positive) represent electrostatic potentials of <Ϫ10 to >ϩ10 k bT where kb is the Boltzmann constant and T is the temperature. The prominent surface hydrophobic patch is indicated. The calculation of the potentials and the image were performed by use of the GRASP the program (Nicholls et al., 1991) .
RTP-DNA complex are hidden from possible interaction established that RTP is fully functional in vivo and in vitro (Kaul et al., 1994; Young and Wake, 1994) . In this with the helicase by homotypic protein-protein interaction. In support of this model, a naturally occuring termisystem, we have shown that RTP impedes both DnaB and the primosomal helicase PriA that moves 3Ј→5Ј on nus with two adjacent core sites is known to arrest forks from both directions (Meijer et al., 1996) . We do not DNA (Sahoo et al., 1995b) . We have also shown that the E30K and Y33N contrahelicase mutants not only reduce know at this time whether the helicase actually displaces the RTP dimers when approaching from the nonblocking binding to both DnaB and PriA but also abrogate the contrahelicase activities of the two helicases. Thus, it end or whether it simply unwinds the DNA past the terminus site without physically displacing the RTP.
appears that a common contrahelicase surface recognizes both helicases. Recently, we have also detected At this time, the identity of the replicative helicase of B. subtilis has not been biochemically established, and a physical interaction between the Ter (tus) protein and DnaB helicase, both of E. coli (unpublished data) . to analyze the structure-function relationship of RTP we have resorted to the E. coli system, where it is well
In addition to DnaB, PriA, and the unknown B. subtilis The docking of the two interacting RTP dimers is based on the affinity cleavage data of Pai et al. (1996b) . Note the interaction of the contrahelicase surface of RTP with the hinge region of one monomer of E. coli DnaB. In the model, the protein-DNA contacts are different at the auxiliary site compared with those at the core site, owing to a weaker interaction. The result is that helicases approaching the auxiliary site fail to interact properly with the contrahelicase region of RTP, thus generating thepolar contrahelicase activity.The basis for showing the passage of one strand of DNA through the center of the DnaB hexamer and the contact of the other strand with only one subunit of the hexameric helicase has been discussed in the text.
replicative helicase, RTP is also known to restrict the Although we do not know the stoichiometry of binding of RTP to E. coli DnaB, our model postulates that, when passage of SV40 T antigen and several RNA polymerases. These proteins share little homology at the level bound to the terminus DNA, one RTP dimer interacts with a single DnaB hexamer. It is known that all six of primary structure, which argues against the specific monomers of a hexameric helicase have to be functional protein-protein interaction model. However, it is entirely for proper catalytic activity (Patel et al., 1994) , and an possible that these proteins might have a common interaction between RTP and one monomer of the helistructural feature or DNA-unwinding mechanism that is case could therefore inhibit the entire complex. We have recognized by the terminator protein. The conservation shown that RTP interacts with the hinge region of DnaB, of this feature need not be in the primary sequence, but and it is unlikely to inhibit the ATPase activity, which is rather in the 3-dimensional structure. We have recently located in the larger C-terminal domain at some distance observed a physical interaction between the Ter protein from the hinge (Nakayama et al., 1984a (Nakayama et al., , 1984b . It is of E. coli and SV40 T antigen, and work is in progress more likely to prevent a hinge-mediated conformational to map the interaction site more precisely (unpublished change in DnaB, possibly leading to blockage of the data). The prospect of using the interaction surface on relative rotational displacement of the enzyme on DNA. the T antigen to identify mammalian antihelicases is an This would explain why RTP inhibits a variety of heliexciting one.
cases that might share such a mechanism. A similar Although little is known about the detailed structure mechanism might also account for how RTP impedes and mechanism of the hexameric helicases, recent data prokaryotic RNA polymerases in a polar fashion (Modo provide some insights into how the RTP protein might hanty et al., 1996) . We have observed that the surface inhibit the molecule. High resolution electron microsof RTP that blocks RNA polymerases is not identical copy and image reconstruction has revealed that the to the contrahelicase surface, but the two surfaces do DnaB helicase is a hexameric ring with three vertices overlap (unpublished data). A model of the arrangement (Martin et al., 1995; Yu et al., 1996) . The DnaB monomer of two interacting RTP dimers at the terminus and the comprises two globular domains connected by a hinge possible mode of interaction with an E. coli DnaB hex- (Nakayama et al., 1984a (Nakayama et al., , 1984b , and an overall arrangeamer that includes the important features discussed ment of a trimer of three dimers has been suggested above is shown in Figure 8 . (Martin et al., 1995) ; this is shown in Figure 6g . Studies
In conclusion, the evidence presented in this paper on a variety of hexameric helicases have shown that the further clarifies the mechanism of replication termination ring encircles at least one strand of the DNA, and that by establishing that a specific helicase-contrahelicase the DNA appears to contact only one of the six available interaction is a critical event in the process. On the monomers at any one time (Egelman et al., 1995; Buja- basis of the results, we also postulate that the different lowski and Jezewska., 1995; Yu et al., 1996; West, 1996) .
protein-DNA interactions of the two RTP dimers with the Biochemical studies also suggest that the six monomers core and auxiliary sites in the terminus DNA contribute to are not functionally equivalent (Bujalowski and Klonowthe polarity of helicase arrest by making one of the two ska, 1993). These data suggest a mechanism in which outer contrahelicase surfaces unavailable for interaction there is a relative rotation of the hexameric ring of the with the helicase. helicase with respect to the DNA substrate that is being unwound, which is driven by ATP. ATP binding causes (1992) . The arrest This was carried out as previously published (Khatri et al., 1989;  of replication forks in the rDNA of yeast occurs independently of Sahoo et al., 1995b; Manna et al., 1996; Pai transcription. Cell 71, 267-276. et al., 1996a) .
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in the binding of nucleotides to Escherichia coli replicative helicase DnaB protein: interaction with fluorescent nucleotide analogs. BioIn Vitro Protein-Protein Interaction chemistry 32, 5888-5900. This was carried out as previously described (Ratnakar et al., 1996) . Bujalowski, W., and Jezewska, M. (1995) . Interactions of the primary GST fusion proteins bound to glutathione-agarose (5 g) were incureplicative helicase DnaB protein with single stranded DNA: the bated with labeled polypeptides of E. 222, 197-207. 
